introduction
============

A physiologically important property of inwardly rectifying potassium channels is their very high sensitivity to cytosolic Mg^2+^ ([@B20]; [@B4]) that limits outward current. Carrying inward current is also important for inward rectifiers in some physiological conditions (e.g., reentry of locally accumulated K ions; see other examples in [@B9]). The channel faces a fairly high extracellular concentration of Mg^2+^. External Mg^2+^ preferentially blocks the inward current ([@B26]). In contrast to the Mg^2+^ effect from inside, the block by external Mg^2+^ is voltage independent and the sensitivity to external Mg^2+^ is very low; i.e., in the millimolar range ([@B2]; [@B12]; [@B26]; [@B6]). This dramatic contrast in the Mg^2+^ sensitivity from inside and outside may reveal a physical picture of the inward-rectifying K (IRK)^1^ pore that can be expected to be highly asymmetric.

To gain insight into the structural requirements for external Mg^2+^ sensitivity, the sequence of the H5 segment was aligned for inward rectifier and voltage-gated K^+^ channels (Fig. [1](#F1){ref-type="fig"}). The charge distribution of the H5 region of inwardly rectifying potassium channels is quite different from those of voltage-dependent K^+^ channels. The only charged residue within the H5 region of voltage-gated channels is Asp next to the conserved Gly-Tyr-Gly motif that is common to all known K^+^ channels. In contrast, inward rectifiers possess one or two negatively charged Glu located near the center of H5 and one highly conserved positively charged Arg that is located at the COOH-terminal end of H5 and separated from the Gly-Tyr-Gly motif by an aromatic Phe or Tyr (Fig. [1](#F1){ref-type="fig"}). We focused on the conserved Arg^148^ of the IRK1 channel (Kir2.1; [@B15]; [@B17]) that may face to the external environment. The "fractionally" charged residue, His, was introduced to this site (R148H).

In an attempt to clarify a physical picture of the IRK channel, electrophysiological studies were carried out by probing with cationic blockers. The results show that Arg^148^ of the IRK1 channel forms an electrostatic barrier at the external entrance of the pore and prevents block by extracellular Mg^2+^ and Ca^2+^. Thus, the channel\'s high barrier to external Mg^2+^ in combination with a high affinity blocking site for internal Mg^2+^ makes it work effectively as an "inward rectifier."

methods
=======

Molecular Biology
-----------------

The wild-type (WT) cDNA of IRK1 was a generous gift from Dr. L.Y. Jan (University of California, San Francisco, San Francisco, CA). Site-directed mutagenesis was performed using the Sculptor in vitro mutagenesis kit (Amersham International, Little Chalfont, UK). Mutation was confirmed by dideoxy sequencing of the region containing the mutation. mRNAs were synthesized by linearization with Xho, followed by transcription with T3 polymerase using the mCAP™ mRNA capping kit (Stratagene Inc., La Jolla, CA). Transcript concentration was estimated spectrophotometrically and aliquots were stored at −80°C. Stage V and VI *Xenopus* oocytes were defolliculated by collagenase treatment (Type I, 1 mg/ml for 2--4 h; Sigma Chemical Co., St. Louis, MO) in Ca^2+^-free Barth solution, injected with 50--150 nl ("Nanoject"; Drummond Scientific, Broomall, PA) of mRNA solution (0.5 ng/ nl) and incubated at 19°C in normal Barth medium supplemented with antibiotics.

Electrophysiology
-----------------

Electrophysiological measurements were made 2--10 d after mRNA injection. Whole-cell currents were recorded in oocytes with the two-microelectrode voltage clamp technique using a "bath-clamp" amplifier (CA-1; Dagan Corp., Minneapolis, MN). Oocytes were impaled with two 3-M KCl-filled micropipettes (tip resistance, 0.5--1 MΩ) that served as voltage-recording and current-injecting electrodes. Separate electrodes (Ag-AgCl electrodes; IVM, Healdsburg, CA) were used to pass the bath current and control the bath potential (two-electrode "virtual ground" circuit). The voltage-sensing electrode was placed near the outside surface of the oocyte (∼1 mm). To check the series resistance error, the external potential was monitored by an additional microelectrode that was placed just above the membrane surface (\<50 μm). The series resistance thus evaluated was \<0.2 kΩ. Series resistance compensation was used when necessary. A grounded shield was placed between the micropipettes to reduce capacitative coupling. Another current electrode for compensating capacitative current was placed in the bath. Adjusting three time constants and phase delay provided high performance in capacitance compensation. Linear leakage currents were subtracted off-line.

Control bath solution for whole-cell recordings consisted of (mM): 90 KCl, 5 HEPES, and 0.1 EGTA, pH 7.4. Niflumic acid (200 μM) was added to block endogenous chloride currents. Mg^2+^, Ca^2+^, Cs^+^, and Ba^2+^ were added to this solution as the chloride salts to the indicated final concentrations. The free Ba^2+^ concentration was calculated according to [@B24].

Bathing solution was continuously perfused at a rate of 2.5--3 ml/min through a recording chamber of 0.15 ml total volume. Junction potentials were corrected for high Mg^2+^ and Ca^2+^ solutions.

Since at a high ratio of mutant mRNA in the injecting mixture the resulting current was small in amplitude, it was necessary to eliminate the possible contribution of endogenous currents to the recording currents. The averaged currents from three parallel experiments with noninjected cells were subtracted from currents measured in injected cells. For careful analysis of current-- voltage (I-V) shapes (see Fig. [2](#F2){ref-type="fig"} *C*) and for selectivity measurements (see Fig. [10](#F10){ref-type="fig"}), oocytes were injected with a maximum amount of mRNA (up to 150 nl of 0.5 ng/nl).

Cell-attached single-channel recordings were performed on oocytes after manual removal of the vitelline envelope as described by [@B21]. Depolarizing bath solution consisted of (mM): 100 KCl, 10 EDTA, and 10 HEPES, pH 7.3. Patch pipettes, coated with Sylgard (Corning Glass Works, Corning, NY), were filled with the bath solution used for whole-cell measurements. Single-channel recordings were performed by an Axopatch 200A patch clamp amplifier (Axon Instruments, Foster City, CA). Capacitance transients were subtracted off-line using null traces.

Voltage protocols were generated using a 486-based computer, coupled to a TL-1 or DigiData 1200 (Axon Instruments) interface. Currents were filtered at 1 kHz and sampled at 5 kHz. Data acquisition and analysis were done using pCLAMP6 (Axon Instruments).

Experiments were performed at room temperature (23--25°C).

Data Analysis
-------------

Dose--response data for cationic block were fitted to the equation: $$\documentclass[10pt]{article}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{mathrsfs}
\usepackage{pmc}
\usepackage[Euler]{upgreek}
\pagestyle{empty}

\oddsidemargin -1.0in

\begin{document}
\begin{equation*}{\mathit{I}}/{\mathit{I}}_{o}\;=\;({\mathit{I}}/{\mathit{I}}_{o}\;-{\mathit{\;U}})/\{1\;+\;([X]/{\mathit{K}}_{d})\}\;+\;{\mathit{U}},\end{equation*}\end{document}$$

where *I*/*I* ~o~ is the fractional current in the presence of blocker at the concentration \[X\], *K* ~d~ is the apparent dissociation constant, and *U* is an unblocked fraction of current at saturating \[X\]. The voltage dependence of blockade was examined using the Woodhull model ([@B29]) according to the equation: $$\documentclass[10pt]{article}
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where *K* ~d~(*0*) is the apparent dissociation constant at 0 mV membrane potential, δ is the fractional electrical distance from the extracellular side, *z* is the valence of the blocker, and *F*, *R,* and *T* have their usual thermodynamic meanings.

The blocking kinetics of Ba^2+^ and Cs^+^ were analyzed by fitting the time course of current to a single exponential function that is the first approximation, particularly for fast blocking kinetics. Voltage dependence of the blocking rate constants was evaluated by a rate equation in which the release rate of blocker was ignored: $$\documentclass[10pt]{article}
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where τ is the blocking time constant, and *k* ~(0)~ the rate constant at 0 mV. Rewriting the equation follows the Eyring rate equation: $$\documentclass[10pt]{article}
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where Δ*G^‡^* is the activation energy and *A* is the frequency factor.

The permeability ratio *P* ~X~/*P* ~K~ was determined from measurements of shifts in reversal potential (*ΔE~rev~*) when 90 mM KCl in the bathing solution was replaced with 10 mM KCl and 80 mM of XCl, where X was either NMDG (*[N]{.smallcaps}*-methyl-[d]{.smallcaps}-glucamine), Na, Rb, NH~4~, or Cs, according to the formula derived from the Goldman-Hodgkin-Katz equation: $$\documentclass[10pt]{article}
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Single-channel amplitudes were measured by manually placing cursors at the open and closed channel levels.

Data from three oocytes for each measurement are presented as the mean ± SD unless otherwise noted.

results
=======

Homomeric Channel of the Mutant R148H
-------------------------------------

No channel activity was detected using the two-electrode voltage clamp technique, even when a large amount (up to 75 ng) of the mutant R148H (Arg^148^ replaced by His) mRNA was injected into *Xenopus* oocytes. Current did not appear at low pH (pH 6.0), where the His residue should be fully charged (*n* = 6, not shown). These results suggest that Arg^148^ is crucial for channel formation or function of IRK1.

Macroscopic Current of Coinjected Oocytes
-----------------------------------------

To overcome the problem of nonfunctional expression, R148H mRNA was coinjected with the WT mRNA at different ratios (hereafter referred to as *f* ~m~ for the fraction of the mutant in mRNA mixture). Voltage steps from +40 to −140 mV were applied from the holding potential of −30 mV. Recorded currents were small in amplitude when mutant mRNA was coinjected with that of WT (Fig. [2](#F2){ref-type="fig"} *A*). The current amplitude decreased progressively as the ratio of mutant mRNA coinjected was increased (Fig. [2](#F2){ref-type="fig"} *B*), while the total amount of injected mRNA was kept constant. Instantaneous current--voltage relationships in the coexpressed oocytes (Fig. [2](#F2){ref-type="fig"} *C*) showed inward rectification that was similar to that of the WT IRK1 channel. However, the chord conductance--voltage (G-V) curves normalized at −140 mV showed a slight difference in shape between WT and mutant channels (Fig. [2](#F2){ref-type="fig"} *D*), suggesting inhomogeneity in the coexpressed channels.

Single-Channel Current for Homo- and Hetero-Oligomer
----------------------------------------------------

Fig. [3](#F3){ref-type="fig"} *A* shows representative single-channel traces recorded from *Xenopus* oocytes under the cell-attached patch-clamp configuration in depolarizing bath solution (see [methods]{.smallcaps}). Oocytes were injected with WT mRNA (Fig. [3](#F3){ref-type="fig"} *A, left*) or a mixture of mRNA with a ratio of R148H:WT = 1/1 (*f* ~m~ = 0.5; Fig. [3](#F3){ref-type="fig"} *A, middle* and *right*). The prominent difference in the single-channel properties was that heterogeneous channels with smaller unitary amplitude (for example, 25.2 ± 0.4 pS and 14.3 ± 0.5 pS for *middle* and *right*, respectively) appeared in the coinjected oocytes. The inward-rectifying property was not changed significantly by the mutation, as seen on the I-V curves (Fig. [3](#F3){ref-type="fig"} *B*).

The distribution of the unitary amplitudes obtained from different patches and different oocytes are shown as a histogram (Fig. [3](#F3){ref-type="fig"} *C*). For WT IRK1 channels, a single peak with a mean unitary amplitude of −2.9 ± 0.2 pA at −100 mV was observed (Fig. [3](#F3){ref-type="fig"} *C*, *top*). For the channels from coinjected oocytes (the R148H/WT ratio of 1:1; *f* ~m~ = 0.5), the data from all of our single channel recordings obtained from \>60 patches (\>40 oocytes) were combined into a histogram (Fig. [3](#F3){ref-type="fig"} *C*, *bottom*). The histogram, unlike the pure WT channel, displays additional peaks on current amplitude. No single channel current with unitary amplitude higher than that of the WT channel was observed.

From these observations, we conclude that the mutant channel protein was expressed on the plasma membrane of the oocytes and was able to make complexes with the WT protein to form multiple hetero-oligomeric channels with smaller single-channel conductances. Hereafter, we will use the term "hybrid channels" to refer to the channels produced by coexpression.

Effect of R148H Mutation on Mg ^2+^ Blockade
--------------------------------------------

In Fig. [4](#F4){ref-type="fig"} *A*, the effects of external Mg^2+^ on whole-cell IRK1 currents are shown. Block by Mg^2+^ was largely instantaneous, with little effect on slow inactivation, and thus only instantaneous I-V curves are shown in Fig. [4](#F4){ref-type="fig"} *B*. For both WT and mutant, the current was depressed progressively as external Mg^2+^ was increased. In Fig. [4](#F4){ref-type="fig"} *C*, the concentration dependency of the relative current amplitude at −140 mV is shown. Coexpression with R148H increased the Mg^2+^ sensitivity of the K^+^ currents. As the mutant:WT ratio was increased, the apparent *K* ~d~ that were evaluated from Fig. [4](#F4){ref-type="fig"} *C* decreased progressively from 4.4 mM for WT to 1.3 mM for hybrid channels of *f* ~m~ = 0.75 (see legend to Fig. [4](#F4){ref-type="fig"} *C*). For the WT channel, 31% of the current remained unblocked at saturating concentrations of Mg^2+^. The unblocked fraction also decreased progressively as the mutant ratio was increased (5% for *f* ~m~ = 0.75; see legend to Fig. [4](#F4){ref-type="fig"} *C*).

Fig. [4](#F4){ref-type="fig"} *D* shows representative single-channel traces recorded in the cell-attached configuration with patch pipettes containing 5 mM Mg^2+^. The single-channel conductance was depressed significantly for the WT channel (12.8 ± 0.2 pS) in the presence of 5 mM external Mg^2+^ compared with that in the absence of external Mg^2+^ (29 pS; Fig. [3](#F3){ref-type="fig"}). For coinjected oocytes, no single-channel current of higher unitary amplitude than the WT channel was observed under Mg^2+^-containing conditions. The most frequently observed hybrid channels had a single-channel conductance of 5.1 ± 0.2 pS ( *f* ~m~ = 0.5; Fig. [4](#F4){ref-type="fig"} *D, right*). Flickery events could not be detected in either WT or hybrid channels at this recording resolution (1 kHz). The gating properties of the hybrid channels looked to be similar to those of WT. Thus, the Mg^2+^ block was mainly due to a depressed single-channel conductance.

In Fig. [5](#F5){ref-type="fig"} *A*, the normalized G-V curves for the macroscopic current in the presence of extracellular Mg^2+^ are shown. For the WT channel, the shape of the G -V curve was almost flat at high negative potentials (Fig. [5](#F5){ref-type="fig"} *A*, ▪). The apparent *K* ~d~ values showed negligible voltage dependency for the WT channel (Fig. [5](#F5){ref-type="fig"} *B*). This suggests that in the WT channel the Mg^2+^-blocking site is located outside the membrane electric field. By contrast, hybrid channels were blocked by Mg^2+^ in a potential-dependent manner. The G-V curves of hybrid channels showed a rising phase in the potential region from −140 to −60 mV (Fig. [5](#F5){ref-type="fig"} *A*, *open symbols* for *f* ~m~ = 0.5 and 0.75). The apparent *K* ~d~ values decreased as the membrane potential was hyperpolarized (Fig. [5](#F5){ref-type="fig"} *B*). The voltage dependency of apparent *K* ~d~ values became steeper as the mutant:WT ratio was increased. The electrical distance of the Mg^2+^ blocking site was evaluated from the voltage-dependent *K* ~d~ changes using the Woodhull model (Eq. [2](#E2){ref-type="disp-formula"}). As the mutant:WT ratio was increased, the electrical distance progressively increased from 0.03 to 0.10 for *f* ~m~ = 0.25--0.75 (Fig. [5](#F5){ref-type="fig"} *C*).

Effect of pH on the Channel Activity and Mg ^2+^ Blockage
---------------------------------------------------------

To explore the basis for the higher Mg^2+^ sensitivity of the hybrid channels, we first carried out a pH titration of the His residue(s) from the extracellular side. Normalized currents (*I* ~pH~/*I* ~pH\ =\ 8.5~) of −140 mV at different external pH are shown in Fig. [6](#F6){ref-type="fig"} *A*. The WT channel was relatively insensitive to external pH. For hybrid channels ( *f* ~m~ = 0.5), the current amplitude decreased significantly as the external pH was reduced, although significant currents remained at pH 6.0. The results could be well fitted by a titration curve of a single group with an apparent p*K* of 7.23 ± 0.03 at −140 mV. This value is close to the p*K* value of a His residue. Thus, the His^148^ residue appears to be located near the extracellular entrance to the pore. The apparent p*K* value implies that a significant fraction of the His^148^ residues should be deprotonated at physiological pH.

Single-channel recordings were performed to examine protonated hybrid channels. Representative single-channel currents recorded at pH 7.06 under Mg^2+^-free (0.l mM EDTA in pipette solution) conditions are shown in Fig. [6](#F6){ref-type="fig"} *B*. Sublevels could be detected for the hybrid channels (Fig. [6](#F6){ref-type="fig"} *B, middle* and *right*) in 11 of 14 channels, whereas no sublevels were observed for the WT channel (Fig. [6](#F6){ref-type="fig"} *B, left*) in all the experiments (*n* = 12). The same sublevels of the hybrid channels were observed less frequently at pH 7.4 (*n* = 5, not shown). It was surprising that we observed a long-lasting sublevel at ∼50% conductance level that was rather quiet without exhibiting flickery events (Fig. [6](#F6){ref-type="fig"} *B, middle*). Such long-lasting sublevels appeared exclusively for the 25 pS channel. In contrast, flickery transitions between a main level and sublevels were observed for the 20 pS channel (Fig. [6](#F6){ref-type="fig"} *B, right*). The emergence of sublevels for the hybrid channels exclusively suggests that the His^148^ residue induces lower conductance substates.

The Mg^2+^ sensitivity of IRK channels was evaluated at various pH. The fractional block by 5 mM Mg^2+^ at −140 mV (*I* ~Mg\ =\ 5~/*I* ~Mg\ =\ 0~) is shown in Fig. [6](#F6){ref-type="fig"} *C*. The higher sensitivity of hybrid channels (*f* ~m~ = 0.5) at physiological pH was augmented significantly as external pH was increased up to 8.5 (Fig. [6](#F6){ref-type="fig"} *C*). When pH was decreased to 6.0, however, the difference in Mg^2+^ sensitivity between hybrid and WT channels was abolished. The apparent p*K* value thus obtained was 7.06 ± 0.03, which is very close to the apparent p*K* for the titratable current amplitude. Thus, the deprotonated His residue made the channel more sensitive to Mg^2+^ blockade, while the protonation made the hybrid channels less sensitive to Mg^2+^ with fractional blocking similar to that of the WT channel.

Effect of R148H Mutation on Ca^2+^ Blockade
-------------------------------------------

Another common physiological divalent cation, Ca^2+^, also blocked the WT IRK1 channel (Fig. [7](#F7){ref-type="fig"} *A*). The apparent *K* ~d~value for Ca^2+^ measured at −140 mV was more than twice that of Mg^2+^ (see legends to Figs. [4](#F4){ref-type="fig"} *C* and [7](#F7){ref-type="fig"} *A*). The Ca^2+^ block of the WT IRK channel was voltage independent, as shown in Fig. [7](#F7){ref-type="fig"} *C*. The effect of the mutation on Ca^2+^ block was very similar to the effect of the mutation on Mg^2+^ block. Hybrid channels were more sensitive than WT channels to Ca^2+^ and were blocked in a voltage-dependent manner, as can be seen in the G-V curves (Fig. [7](#F7){ref-type="fig"} *B*) and voltage dependencies of *K* ~d~(Fig. [7](#F7){ref-type="fig"} *C*). Moreover, the mutation produced the same increase in the fraction of the electrical field sensed by Ca^2+^ (up to 0.09 for *f* ~m~ = 0.75, Fig. [7](#F7){ref-type="fig"} *D*). Therefore, it is likely that the mechanisms for Ca^2+^ and Mg^2+^ block are the same.

The concentrations of divalent cations used were fairly high. However, the observed blocking effects were not due to a nonspecific increase in ionic strength, since addition of NMDG-Cl up to 180 mM produced little effect on macroscopic currents (*n* = 5, data not shown).

Effect of R148H Mutation on Cs^+^ and Ba^2+^ Blockade
-----------------------------------------------------

The potent open-channel blockers, Cs^+^ and Ba^2+^, can be used to explore, through their transient and steady state kinetics, the properties of the pore in the approach to the binding site. As illustrated in Fig. [8](#F8){ref-type="fig"} *A*, the Ba^2+^ block was much slower than the Cs^+^ block. For both Cs^+^ and Ba^2+^, the blocking rate was accelerated by the mutation. The current traces were fitted by a single exponential function to the first approximation (Fig. [8](#F8){ref-type="fig"} *B*), where the fitting to the fast kinetics for Cs^+^ blocking was an approximation due to the experimental limitations. The voltage dependency of the blocking time constants of Cs^+^ and Ba^2+^ are shown in Fig. [8](#F8){ref-type="fig"} *C* (*left* for Cs^+^ and *right* for Ba^2+^). In the membrane potential range tested, the blocking of hybrid channels was faster than that of WT channels.

The electrical distance to the barrier peak was calculated from the voltage dependence of the blocking time constants using the Eyring rate equation (Fig. [8](#F8){ref-type="fig"} *C*; Eq. [3](#E3){ref-type="disp-formula"}). In the WT channel, the electrical distances towards the barrier for Cs^+^ and Ba^2+^ were similar (0.34 ± 0.04 for Cs^+^ and 0.35 ± 0.02 for Ba^2+^). Those values were only slightly affected by mutation (0.49 ± 0.08 for Cs^+^ and 0.39 ± 0.02 for Ba^2+^ on hybrid *f* ~m~ = 0.5). On the other hand, the height of the barrier peak was compared as a difference of the energy level between the WT channel and the mutant channels (ΔΔ*G^‡^* = Δ*G^‡^* ~hybrid~ − Δ*G^‡^* ~WT~). The value of ΔΔ*G^‡^* was −0.02 and −0.47 *RT* for Cs^+^ and Ba^2+^ blocking, respectively. Thus, at least for the Ba^2+^ blocking, the main barrier for the blocker was depressed by the mutation without changing the position in the electric field.

In contrast to the blocking rate, the steady state blocking was not significantly effected by the mutation. The potential-dependent Cs^+^ block was observed as a negative slope in the steady state I-V curves for WT channels (Fig. [9](#F9){ref-type="fig"} *A*, ▪). Coexpression with R148H (Fig. [9](#F9){ref-type="fig"} *A*, *open symbols*; *f* ~m~ = 0.5) produced little effect on I-V relationships (Fig. [9](#F9){ref-type="fig"} *A*, ○). Fractional blocking as a function of Cs^+^ concentration was plotted for WT and hybrid channels with different *f* ~m~ (Fig. [9](#F9){ref-type="fig"} *B*). The *K* ~d~ values were not effected significantly by the mutation (see legend to Fig. [9](#F9){ref-type="fig"} *B*). The electrical distance for steady state Cs^+^ blocking was evaluated to be 1.09 ± 0.03 and was not altered by the mutation (Fig. [9](#F9){ref-type="fig"} *C*). The value of the electrical distance suggests multiple ion blocking by Cs^+^.

Essentially similar results were obtained for the steady state Ba^2+^ block. Similar *K* ~d~ values were obtained for WT (0.15 ± 0.01 μM) and mutants (0.13 ± 0.02 μM for *f* ~m~ = 0.75) for the steady state Ba^2+^ block at −140 mV. The electrical distance for the Ba^2+^ blocking site was ∼0.5 for both WT (0.48 ± 0.02) and mutant channels (0.51 ± 0.04).

Effect of R148H Mutation on Ion Selectivity
-------------------------------------------

The effect of the mutation on the selectivity of IRK1 channel was examined, since Arg^148^ is located close to the selectivity signature sequence. Both WT and hybrid channels did carry outward currents near the reversal potential (Fig. [10](#F10){ref-type="fig"}). Upon reducing the extracellular K^+^ concentration from 90 to 10 mM using NMDG^+^ or Na^+^ as a substitute, the shifts in the reversal potential corresponded to the change in the Nernst potential for K^+^ in both WT and hybrid (*f* ~m~ = 0.75) channels (Table [I](#TI){ref-type="table"}). These data indicate that both WT and R148H:WT channels are practically impermeable to NMDG^+^ and Na^+^. For the Cs^+^ replacement, there was no outward current, and the inward current was also very small. Calculation of the permeability ratio for Cs^+^ was not possible. By contrast, both channels were permeable to Rb^+^ and NH~4~ ^+^. The outward "hump," while small in amplitude, in the I-V curve was seen in the presence of 80 mM Rb^+^ or NH~4~ ^+^ ions, and the reversal potential could be determined (Table [I](#TI){ref-type="table"}, wild type). The permeability ratio, calculated using the Goldman-Hodgkin-Katz equation (Eq. [4](#E4){ref-type="disp-formula"}), was altered by the mutation R148H (Table [I](#TI){ref-type="table"}, R148H:WT). The hybrid at *f* ~m~ = 0.75 was still highly selective to K^+^ over Na^+^. The changes in Rb^+^ and NH~4~ ^+^ permeabilities were significant, while the mutation did not alter the selectivity sequence K^+^ \> Rb^+^ \> NH~4~ ^+^ \>\> Na^+^ ≅ NMDG^+^.

discussion
==========

We have identified a residue, Arg^148^, that is involved in protecting the IRK channel from block by extracellular divalent cations in physiological solutions. This Arg is conserved perfectly among the family of inwardly rectifying K^+^ channels. The present study demonstrates that low sensitivity of the IRK channel to extracellular Mg^2+^ and Ca^2+^ is rendered by this Arg, which may serve as an electrostatic barrier for entrance of extracellular cationic blockers and keep divalent cations away from the membrane electric field.

In our experiments, the mutant molecule was coexpressed with the WT molecule, since the homo-mutant channel was nonfunctional. Recently, the tetrameric nature of the IRK channel has been revealed ([@B30]). The broad distribution of the unitary amplitude and different types of sublevels in single-channel recordings indicated that hetero-tetramer channels were formed in coinjected oocytes in the present study. Thus, the macroscopic current represented the average behavior of these heterogenous populations. On average, the number of mutant subunits in a tetramer should increase as the coinjected-mutant:WT ratio is increased ([@B19]). Thus, the systematic changes in Mg^2+^ sensitivity observed in coexpressed oocytes such as the decreased *K* ~d~ values, increased voltage sensitivity, and decreased unblocked fraction indicate an "additive" contribution of the mutant subunit, and thereby the His residues, to Mg^2+^ sensitivity in a tetrameric channel ([@B5]).

To examine whether the higher Mg^2+^ sensitivity introduced by His^148^ was related to the protonatable nature of the His residue, titration of the His^148^ residue was performed. The macroscopic current amplitude for the hybrid channels was depressed significantly as external pH was decreased. On the other hand, the WT channel showed little sensitivity to the external pH change, although the unitary amplitude was depressed slightly at lower pH ([@B25]). The apparent p*K* value (7.23) for current amplitude indicated that a significant fraction of the His^148^ residue is deprotonated at physiological pH. In single-channel recordings, we could detect sublevels exclusively for the hybrid channels, suggesting that the His^148^ residue might control distinct conductance levels. In parallel to the pH dependency of the current amplitude, the sensitivity of the His^148^ subunit containing channels to Mg^2+^ became increased when external pH was increased. The similar apparent p*K* values for the Mg^2+^ sensitivity (7.06) and the current amplitude (7.23) indicate that the deprotonated His residue rendered the channel more sensitive to Mg^2+^. In contrast, no pH dependence in Mg^2+^ sensitivity was detected for the WT channel. Thus, not only the average number of the His^148^ residues on a channel but also the fraction of the deprotonated His^148^ residue should enhance Mg^2+^ sensitivity. For the WT channel, permanent charge on this site in physiological solution should prevent the Mg^2+^ blocking.

One might imagine that the deprotonated His^148^ residues form the Mg^2+^ binding site. It is less likely, however, from the following experimental observations. We found that Mg^2+^ block became voltage dependent for the mutant channels. However, *K* ~d~(0) values for Mg^2+^ block evaluated by the Woodhull model (see legend to Fig [5](#F5){ref-type="fig"} *B*) were similar in both WT and mutant channels. Thus, in the absence of a potential difference across the membrane, the Arg^148^ site contributes little to the affinity for Mg^2+^, suggesting that His^148^ is not the binding site for Mg^2+^. The blocking site for the mutant channels should exist in the membrane electric field. Why did the electrical distance increase progressively as the mutant:WT ratio was increased? The reduced electrostatic repulsion from progressively lesser positive charges on the His site may allow Mg^2+^ ions to penetrate deeper into the pore. Then where is the binding site? If a blocking ion interacts with the pore wall weakly, as expected from the low affinity, then ions might have a diffuse distribution of favorable sites. Progressive depression of the electrostatic barrier at the His site may shift the most favorable site for the low affinity blocker deeper. On the other hand, the WT channel has enough of an electrostatic barrier to exclude Mg^2+^ away from the membrane electric field.

Cs^+^ and Ba^2+^ entered deeper to the pore. From the transient and steady state kinetic analyses, we demonstrated a mutational effect that exclusively facilitated the blocking rate, rather than changing the blocking affinity. For the Ba^2+^ blocking, the voltage dependence of the blocking time constant was little changed by the mutation (Fig. [8](#F8){ref-type="fig"}). Thus, the mutational effect can be assigned to the reduced Δ*G^‡^* rather than *δ*, where the barrier is located at ∼35--39% of the distance from the external entrance to the channel. This main (rate-limiting) barrier for open channel blockers seems to be formed by the Arg residues, and the higher blocking rate for mutant channels (negative ΔΔ*G^‡^* values) could be due to the reduced positive charge density introduced by less positive His. For the steady state blocking, the effect of mutation was negligible. Therefore, the Arg site did not affect the binding site of Ba^2+^ and Cs^+^.

It is notable that among hetero-tetramer channels no single-channel was observed that had a higher unitary amplitude than that of the WT channel. The shape of the single-channel I-V curve was not changed significantly by the mutation, indicating that the altered potential profile for permeating K^+^ was quantitative rather than qualitative. Permeating K^+^ ions should experience the Arg barrier just as Ba^2+^ and Cs^+^ do. However, reduction of the electrostatic barrier at the His site for Ba^2+^ did not bring about an increased single-channel conductance for K^+^ permeation. Steric hindrance of the His residue might predominate for K^+^ permeation.

In conclusion, our experiments demonstrate that Arg^148^ is located between the deeper blocking site for Cs^+^ or Ba^2+^ and the external divalent cation binding site of IRK1 channel and forms an electrostatic barrier that keeps Mg^2+^ and Ca^2+^ out from the electric field of the pore, thereby antagonizing their potent blocking effect from the extracellular side. This barrier is rate limiting for permeating blockers, such as Ba^2+^ and Cs^+^, from the extracellular solution. In series with the K^+^ selectivity filter represented by the Gly-Tyr-Gly motif ([@B8]), the Arg^148^ barrier modifies the selectivity of permeating ions significantly. This Arg^148^ also participates in the formation of a salt bridge.
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*Abbreviations used in this paper: f* ~m~, fraction of the mutant in mRNA mixture; I-V, current--voltage; IRK, inward-rectifying K; NMDG, *[N]{.smallcaps}*-methyl-[d]{.smallcaps}-glucamine; WT, wild type.

![Sequence alignment of the pore region from different cloned potassium channels. *Shaker* (Kv1.1; [@B28]), Kv1.1 ([@B1]), Kv2.1 ([@B7]), and Kv3.1 ([@B32]) encode voltage-gated K^+^ channels. ROMK1 (Kir1.1a; [@B10]), ROMK2 (Kir1.1b; [@B33]), and ROMK3 (Kir1.1c; [@B27]) are ATP-activated weak inward rectifiers cloned from kidney. IRK1 (Kir2.1; [@B15]), rbIRK2 (Kir2.2; [@B13]), and mbIRK3 (Kir2.3; [@B22]) are cloned from a mouse macrophage cell line, rabbit brain, and mouse brain, respectively, and highly expressed in heart, brain, and skeletal muscle; these channels exhibit steep inward rectification. GIRK1 (Kir3.1; [@B16]), GIRK2 (Kir3.2; [@B18]), and CIR (Kir3.4; [@B14]) are cloned from rat heart, mouse brain, and rat heart, respectively, and represent G-protein--activated inwardly rectifying K^+^ channels. BIR (Kir6.2; [@B11]) is cloned from rat pancreatic islets and encodes inwardly rectifying K^+^ channels that are inhibited by intracellular ATP. For inward rectifiers, the abbreviations that the authors originally used and "unified" names ([@B3]; [@B23]) are given. The shaded box represents the Arg residue highly conserved in all types of inward rectifiers. The open frames enclose other conserved segments in the P-region.](JGP.7554f1){#F1}

![Macroscopic currents recorded from *Xenopus* oocytes injected with mRNA of the wild-type (WT), and mixture of WT and the R148H mutant at different ratios. (*A*) Representative current traces. Currents were recorded by applying steps of 1,000-ms duration from +40 to −140 mV in 10-mV decrements. Holding potential was −30 mV. (*B*) Current amplitude at −100 mV as a function of fractional R148H content in mRNA mixture. (*C*) Representative instantaneous I-V curves of the data in *A*. (*D*) The chord conductances normalized at −140 mV as a function of voltage. ▪, WT; □, *f* ~m~ = 0.25; ○, *f* ~m~ = 0.5; ▵, *f* ~m~ = 0.75.](JGP.7554f2){#F2}

![Cation selectivity of WT and R148H/WT hybrid channels. Current--voltage relationships for WT (*left*) and hybrid (*f* ~m~ = 0.75; *right*) channels were observed in the presence of 10 mM KCl and 80 mM XCl, where X was either K^+^, NMDG^+^, Na^+^, Rb^+^, NH~4~ ^+^, or Cs^+^. The holding potential was −30 mV and currents were evoked by steps from +40 to −140 mV in 5-mV increments.](JGP.7554f10){#F10}

![Single-channel currents of WT and R148H/WT (*f* ~m~ = 0.5) hybrid channels. (*A*) Representative single-channel currents recorded from *Xenopus* oocytes injected with mRNA of WT (*left*) and the mixture of WT and the R148H mutant (*f* ~m~ = 0.5; *middle* and *right*). Representative traces from channels of two different conductances are shown from coinjected oocytes. Downward and upward arrows indicate the beginning and the end of the voltage step (500 ms), respectively, from the holding potential of −30 mV. (*B*) Single-channel I-V curves for WT (▪) and hybrid (○ and ▵) channels. (*C*) Distribution of single-channel currents for WT (*top*) and coinjected R148H/WT (*f* ~m~ = 0.5) channels (*bottom*) at −100 mV obtained from different patches and oocytes (*n* = 21 and 60 for WT and hybrid channels, respectively).](JGP.7554f3){#F3}

![Sensitivity to external Mg^2+^ of WT and R148H/WT hybrid channels. (*A*) Representative traces of macroscopic currents recorded from *Xenopus* oocytes injected with WT (*left*) and a mixture of WT and R148H mutant mRNAs at *f* ~m~ = 0.5 (*right*). The scale bar indicates 20 μA for the left traces and 6 μA for the right. Pulse protocol was the same as that of Fig. [2](#F2){ref-type="fig"} *A* while the duration was 500 ms. (*B*) Instantaneous I-V curves at different concentrations of Mg^2+^ for WT and hybrid channels (*f* ~m~ = 0.5). (*C*) Concentration dependency of the Mg^2+^ blockage of the fractional current at −140 mV. Curves represent fitting to Eq. [1](#E1){ref-type="disp-formula"} with *K* ~d~ = 4.38 ± 0.19 mM (WT; ▪), 3.21 ± 0.19 mM (*f* ~m~ = 0.25; □), 1.92 ± 0.14 mM (*f* ~m~ = 0.5; ○), and 1.31 ± 0.06 mM (*f* ~m~ = 0.75; ▵). The unblocked fraction of currents was 0.31 ± 0.07 for WT, 0.20 ± 0.10 for *f* ~m~ = 0.25, 0.17 ± 0.01 for *f* ~m~ = 0.5, and 0.05 ± 0.01 for *f* ~m~ = 0.75. (*D*) Representative traces of single-channel currents for WT (*left*) and hybrid (*f* ~m~ = 0.5; *right*) channels recorded with patch pipettes filled with the bath solution containing 5 mM Mg^2+^. Downward and upward arrows indicate the beginning and the end of the voltage step, respectively, applied repetitively to −100 mV from a holding potential of −30 mV.](JGP.7554f4){#F4}

![Voltage dependence of Mg^2+^ block conferred by the mutation R148H. (*A*) Chord conductances normalized to −140 mV for WT in 25 mM Mg^2+^ (▪), *f* ~m~ = 0.5 in 25 mM Mg^2+^ (○), *f* ~m~ = 0.75 in 20 mM Mg^2+^ (▵). Similar results were obtained in the presence of 5, 10, and 15 mM Mg^2+^. (*B*) Voltage dependency of the apparent *K* ~d~ of Mg^2+^ block for WT and hybrid channels. Symbols are the same as in Fig. [2](#F2){ref-type="fig"}. Lines represent fitting to Eq. [2](#E2){ref-type="disp-formula"} with δ plotted in *C*. *K* ~d~(0) = 4.3 mM (wild type), *K* ~d~(0) = 4.5 mM (*f* m = 0.25), *K* ~d~(0) = 3.6 mM (*f* m = 0.5), and *K* ~d~(0) = 3.8 mM (*f* m = 0.75). (*C*) Electrical distances for Mg^2+^ blocking as a function of the mutant ratio in mRNA mixtures.](JGP.7554f5){#F5}

![pH sensitivity conferred by the mutation, R148H. (*A*) pH dependency of the steady state current amplitude at −140 mV normalized to the control current (*I* ~pH~/*I* ~pH\ =\ 8.5~; ▪). The line fitted to the hybrid channel data represents the titration curve of a single group with p*K* = 7.23 ± 0.03. \[Mg^2+^\]~bath~ = 1 mM. (*B*) Steady state single-channel current traces, pH 7.06, recorded at −100 mV. The WT channel (30 pS) does not show sublevels. Long-lasting sublevels are shown for the 25 pS channel (*middle*) and flickering sublevels are shown for the 20 pS channel (*right*). Transition from the sublevel to the closed level was observed (for example, *B, middle second trace*). (*C*) The effect of pH on Mg^2+^ block of WT (▪) and hybrid (*f* ~m~ = 0.5; ○) channels. The degree of current block by 5 mM Mg^2+^ is plotted as a function of pH. Here, *I* ~o~ is the current at −140 mV in Mg^2+^-free solution and *I* is the current in the presence of 5 mM Mg^2+^. The line fitted to the hybrid channel data represents the titration curve of a single group with a p*K* = 7.06 ± 0.03.](JGP.7554f6){#F6}

![Ca^2+^ blockade of WT and hybrid channels coexpressed at different *f* ~m~. (*A*) Dose--response relationships. Curves represent fitting to Eq. [1](#E1){ref-type="disp-formula"} with *K* ~d~ = 9.4 ± 2.7 mM (WT; ▪), *K* ~d~= 6.4 ± 1.2 mM (*f* ~m~ = 0.25; □), *K* ~d~ = 5.5 ± 1.0 mM (*f* ~m~ = 0.5; ○), and *K* ~d~ = 3.9 ± 0.6 mM (*f* ~m~ = 0.75; ▵). (*B*) Chord conductances normalized at −140 mV as a function of voltage for WT and 60 mM Ca^2+^ (▪), *f* ~m~ = 0.5 and 60 mM Ca^2+^ (○), and *f* ~m~ = 0.75 and 60 mM Ca^2+^ (▵). Essentially similar results were obtained in three experiments. (*C*) Voltage dependency of dissociation constants for Ca^2+^ block of WT and hybrid channels. Symbols are the same as those in Fig. [2](#F2){ref-type="fig"}. Lines represent fitting to Eq. [2](#E2){ref-type="disp-formula"} with δ plotted in *D*. (*D*) Electrical distances for block by Ca^2+^ as a function of mutant content in mRNA mixtures.](JGP.7554f7){#F7}

![Blocking rate of Cs^+^ and Ba^2+^ in WT and R148H/WT hybrid channels. (*A*) Representative current traces showing the time course of Cs^+^ and Ba^2+^ block of WT (*top*) and hybrid ( *f* ~m~ = 0.5; *bottom*) channels. (*B*) Single-exponential fitting of blocking time course for Cs^+^ (*left*) and Ba^2+^ (*right*) at −140 mV. Dotted lines correspond to fitting with time constants of 0.82 and 0.37 ms for WT and *f* ~m~ = 0.5, respectively, for Cs^+^ block and 149 and 57 ms for Ba^2+^ block. (*C*) Voltage dependence of the time constant for Cs^+^ (*left*) and Ba^2+^ (*right*) blocking for WT (▪) and hybrid (*f* ~m~ = 0.5; ○) channels. Lines are fits to Eq. [3](#E3){ref-type="disp-formula"}. For Cs^+^ block, *k*(0) = 164 ± 32 s^−1^, δ = 0.35 ± 0.04 for WT and *k*(0) = 166 ± 90 s^−1^, δ = 0.49 ± 0.11 for the hybrid. For Ba^2+^ block, *k*(0) = 0.13 ± 0.01 s^−1^, δ = 0.37 ± 0.01 for WT and *k*(0) = 0.22 ± 0.002 s^−1^, δ = 0.39 ± 0.001 for the hybrid. The ΔΔ*G^‡^* (=Δ*G^‡^* ~hybrid~ − Δ*G^‡^* ~WT~) values were −0.02 *RT* for Cs^+^ block and −0.47 *RT* for Ba^2+^ block.](JGP.7554f8){#F8}

![Cs^+^ blocking of WT and hybrid channels. (A) Representative I-V relationships for WT (•) and hybrid (*f* ~m~ = 0.5; ○) channels at different concentrations of Cs^+^. Currents for hybrid channels were scaled up to match the WT current at −100 mV in the absence of blocker. (*B*) Fractional currents at −140 mV as a function of Cs^+^ concentration. The curve represents fitting of the WT data to Eq. [1](#E1){ref-type="disp-formula"} with *K* ~d~ = 13.7 ± 0.4 μM. 14.6 ± 0.26 μM for *f* ~m~ = 0.25, 15.03 ± 0.30 μM for *f* ~m~ = 0.5 and 17.24 ± 0.91 μM for *f* ~m~ = 0.75.(*C*) Voltage dependence of dissociation constants. A line represents fitting of WT data to Eq. [2](#E2){ref-type="disp-formula"} with *K* ~d~(0 mV) = 5.62 ± 0.75 mM and δ = 1.09 ± 0.03. Symbols are as in Fig. [2](#F2){ref-type="fig"}.](JGP.7554f9){#F9}

###### 

Ionic Selectivity of WT and R148H/WT (f~m~ = 0.75) Channels Estimated by the Shift of Reversal Potential (ΔE~rev~)

  Cations                       NMDG^+^          Na^+^            Rb^+^             NH~4~ ^+^
  -------------------------- -- ------------- -- ------------- -- -------------- -- --------------
  Wild type                                                                         
   ΔE~rev~ (mV)                 −55.6 ± 1.9      −57.6 ± 0.9      −25.8 ± 3.1       −42.4 ± 1.3
   P~X~/P~K~                    \<0.004          \<0.004           0.28 ± 0.05       0.09 ± 0.01
  R148H:WT (*f~m~* = 0.75)                                                          
   ΔE~rev~ (mV)                 −57.1 ± 1.6      −56.1 ± 2.6      −20.2 ± 2.3       −30.6 ± 2.6
   P~X~/P~K~                    \<0.005          \<0.005           0.39 ± 0.04       0.22 ± 0.04
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